Key message We investigated the variability of the relationships between climate and tree-ring growth along an altitudinal gradient and the temporal instability of the relationships under warming for Changbai larch (Larix olgensis Henry) in northeast of China. Abstract Growth response of trees to climate has been found to vary with elevation, but their relationships might also be altered with ongoing global climate change. We developed residual chronologies of tree-ring growth parameters at three sites to investigate variability of the interactions between climate and tree-ring growth for Changbai larch (Larix olgensis Henry) along an altitudinal gradient on the northern slopes of the Changbai Mountains area in Northeastern China. The results indicate that temperature and precipitation are linked differently to the formation of the annual ring width of Changbai larch at different elevations. Tree-ring density of Changbai larch is mainly positively associated with temperature while negatively responding to precipitation. The relationships between temperature and tree-ring growth became unstable, however, after the notable warming of the late 1980s in the study area. Tree-ring width decreased at low elevation under drought stress, whereas showed more positive sensitivity to warming at higher altitudes. We found that the tree-ring density relationship with temperature also became unstable under the rising temperature regime. These findings could be applied in simulating tree-ring growth and forest distribution under various climatic and environmental scenarios.
Introduction
Tree-ring width and density series are both effective indicators of environmental and climatic conditions (Fritts 1976; Wang et al. 2010) . Climate change during recent decades has been found to play a role in altering forest composition and structure on regional as well as global scales (Allen et al. 2010; Anderegg et al. 2013; Magnin et al. 2014) . Fritts (1976) reported that tree growth is more affected by mean temperature close to the treeline than that at low elevations, where precipitation is more influential. Studies have shown that tree-ring width is significantly correlated to minimum temperature at high elevations (Peterson and Peterson 2001; Dittmar et al. 2003; Yu et al. 2013) . Increases in temperature are known to affect forest composition and distribution through drought stress, especially at middle and high latitudes of the Northern Hemisphere (Serreae et al. 2000; Walther et al. 2002; D'Arrigo et al. 2007; Mérian et al. 2011) . Instability of the relationships between tree growth and climatic factors (especially temperature), such as the increase, reduction or even loss of sensitivity has been observed in recent decades (Biondi 2000; D'Arrigo et al. 2007; Zhang and Wilmking 2010) . Other studies have reported that trees growing at the same site or area respond differently to climatic factors near treelines (Lloyd and Fastie 2002; Driscoll et al. 2005; Salzer et al. 2009 ). Hypotheses like ''divergence problem'' and ''growth divergence'' were proposed to account for the variation, and even instability, of the climate-growth relationships. Drought stress caused by rising temperature might be the biggest limitation on tree growth at different altitudes. The northeastern region is the largest area still covered by natural forest in China. Nevertheless, it has also become one of the fastest warming regions in China in recent decades (Ding et al. 2006) . In the context of recent global climate change, it is of great concern to study how forest growth response varies with elevation in northeastern China.
Changbai larch (Larix olgensis Henry) is a Chinese conifer grown as a significant timber species in northeastern China (SFA 2008) . Changbai larch habitat ranges from 500 to 1950 m above the sea level (a.s.l.) on the northern slopes of the Changbai Mountains (Wang et al. 1980) . Previous studies showed that climatic factors affected treering width of Changbai larch in various ways at different elevations, i.e., Changbai larch was found to suffer more from water stress at lower altitudes and from heat stress at higher altitudes (Wu and Shao 1996; Shao and Wu 1997; Zhu et al. 2009 ). However, other relationships were also reported. For example, in some studies, tree-ring growth of Changbai larch was significantly negatively correlated to temperature in the previous winter at low elevations while displayed no significant correlations with precipitation (Yu et al. 2005; Chen et al. 2011) . Although these findings are sometimes contradictory, most of these studies were based only on total ring width. Maximum densities of Changbai larch were found to show similar significant correlations with temperature at different elevations (Sun et al. 2012) . In a study of another species in the Changbai Mountains, Korean pine, Yu et al. (2013) also found that the effects of climatic conditions on radial growth for Korean pine became stronger because of rising temperature in late 20th century. The result indicated that warming had significantly influenced tree growth in this area. As an important species in the Changbai Mountains area, Changabi larch merits more complete assessment of its growth response to global warming.
In this study, the dendroclimatic approach was applied to: (1) develop chronologies of total ring width and latewood maximum density using data from Changbai larch sites at different elevations; (2) identify the most significant climatic variables influencing tree-ring growth for Changbai larch with increasing elevation; (3) assess the variability of climate-tree-ring growth relationships in recent decades along an altitudinal gradient; (4) investigate the recent temporal instability problem in the climate-tree-ring growth relationships under warming.
Materials and methods

Study area and climate
The study was conducted on the northern slopes of the Changbai Mountains in Jilin Province, northeastern China (Fig. 1) . The vegetation has a typical zonal pattern in this region (Wang et al. 1980; Hao et al. 2001) . Three main forest zones have been recognized during field observations: broad-leaf and Korean pine mixed forest (700-1100 m a.s.l.), dark coniferous forest with spruce and fir as dominant species (1100-1800 m a.s.l.), and subalpine Betula ermanii birch forest (1800-2000 m a.s.l.). Changbai larch is an endemic species distributed widely across the three forest zones of the Changbai Mountains area.
The study area features warm temperate climate with cool, moist summer and long, cold winter. Mountain vegetation displays clear spatial zonality in this area. This makes the Changbai Mountains area an ideal research base for the study of the variability of climate-tree-ring growth relationships. Five meteorological stations around the study area are Erdao (Donggang) Station (
0 E), and Yanji Station (42°52 0 N, 129°30 0 E) (Fig. 1 ). Climatic data (i.e., monthly temperature and precipitation) from these stations were acquired for the period from 1958 to 2008. All climatic data from the stations were checked through the Standard Normal Homogeneity Test (Alexandersson and Moberg 1997) . The data of Yanji Station were excluded because the annual trend in precipitation was different from the others. Data of the other four stations had no abrupt variations and the correlations between monthly variables were significant (p \ 0.01). The data of Tianchi Station, however, were also dropped because the seasonal measurements of climate variables were only available starting in 1989. Consequently, the average climatic values of the remaining three stations were used in this study (Fig. 2) .
Tree-ring sampling
Three sampling sites along an altitudinal gradient were established in September 2008 (Fig. 1) . The low elevation site (LowE), DFL, was in the Red-East Forest Farm on the northern slopes of the Changbai Mountains; the mid-and high-elevation sites (MidE and HighE), DXS and CBB, were on the northern slopes in the Changbai Mountains Natural Reserve. The elevation of each sampling site was within the elevation range of each forest type, which could reflect the vertical distribution limit of Changbai larch and capture its growth under different conditions. At each site, we selected at least 20 trees with the largest canopies (normally old) and with no visible injuries or cracks in the bark for tree core sampling. Two cores (plus a third one held in reserve in case one of the former two was unusable) taken 90°apart (from directions perpendicular and parallel to the slope) were extracted from each sampling tree at the breast height using an increment borer. Among all three sites, 135 cores were obtained from 66 living Changbai larch trees (Table 1) .
Ring width and density measurements
Each core was numbered, air dried and sanded. Then, tree rings were visually dated using a binocular microscope (Nikon Corporation, Tokyo, Japan). Tree-ring widths were measured to the nearest 0.01 mm using a LINTAB 6 professional width measuring device (Frank Rinn, Heidelberg, Germany). The COFECHA program (Holmes 1983 (Holmes , 1992 was run to verify the visual dating (Fritts 1976; Cook et al. 1990 ). Density was measured using a Dendro 2003 system (Walesch Electronics, Effretikon, Switzerland). Each core was separated into pieces with approximately equal lengths. The wood fiber angles of those pieces were measured and calibrated using a fiber angle measuring instrument Dendroscope. All cores were cut into 1.0-mm thick slices with a technical twin-blade cutting device Dendrocut with the direction in the plane perpendicular to the corresponding wood fiber angles. Normally, resins should be extracted with a Soxhlet extractor in ethanol or acetone. Schweingruber (1988) reported that the heartwood substances (like resin and carbohydrate) of several species, like Larix, Tsuga and Fitzroya, are water soluble. In addition, other researchers reported that the water-soluble fraction of extractives is much higher than organic-solvent fraction for larch species (Gierlinger et al. 2004 ). Consequently, resin in the wood was extracted by soaking these slices with pure water at 80°C for 48 h. Tree-ring density was determined by X-ray densitometry. The values of seven parameters were measured and calculated simultaneously for each ring, including earlywood width (EWW), latewood width (LWW), total ring width (TRW), earlywood mean densitiy (EMD), earlywood minimum density (MID), latewood mean density (LMD) and latewood maximum density (MXD). The COFECHA program (Holmes 1983 (Holmes , 1992 ) was adopted for density crossdating.
Chronology development
Radial growth chronologies of Changbai larch were developed by crossdating tree-ring growth series using the ARSTAN program (Cook 1985; Cook and Holmes 1996) . These growth series were detrended by fitting a cubic smooth spline with 67 % of the series length to remove the biological growth trends associated with tree age (Cook et al. 1990 ). Points from the fitted curves were then divided by actual growth parameter values to generate standardized index series. The index series were averaged by a bi-weight robust mean to compute mean standardized chronologies (STD). The standardized chronologies were then pre-whitened via autoregressive modeling to produce residual chronologies (RES). The expressed population signal value (EPS), defined by the proportion of each chronology signal in the total chronology variance, was used to quantify the extent of the reliability of a particular chronology (Wigley et al. 1984; Briffa and Jones 1990) . Since residual chronologies were less affected by abnormal fluctuations of tree rings over long periods, we used residual chronologies in this study.
The climate-tree-ring growth relationships
The relationships between climate and tree-ring parameters during the period 1958-2008 were investigated via Pearson's correlation analysis using SPSS 17.0. The climate variables were monthly mean temperature (MT), mean maximum temperature (MAXT), mean minimum temperature (MINT) and monthly precipitation (MP). To avoid the effect of inter-correlation between temperature and precipitation, we calculated partial correlation between the residual chronologies and climatic variables. The analysis spanned from September of the previous year to September of the current year (a total of 13 months); and the current spring (March to May), summer (June to August) and the growing season (April to September) were analyzed separately. In conifer species, tree-ring density is related to the ratio of tracheid cell-wall thickness to cell lumen diameter within an annual ring (Vaganov 1990; Wang et al. 2002) . Hence, only correlations between tree-ring density and climate variables during the current year were considered. Annual climate data from 1958 to 2008 were analyzed to identify trends of temperature and precipitation during these five decades (Fig. 3) . Overall, the annual mean temperature rose whereas the annual precipitation decreased in this period. The annual mean temperature began to rise abruptly around 1989. For this study, the relationships between monthly mean temperature and the residual chronologies within two consecutive phases (Phase I, 1959 (Phase I, -1988 Phase II, 1989 were examined to determine the temporal stability of the climate-growth relationships under warming. To start off, a null hypothesis was proposed that the correlations of climate-growth relationship from the two periods were equal. ''Fisher transformation'' was applied to test the climate-growth correlation coefficients from the two phases (Fisher 1915) . All probability values of the sample mean failed to approach the level of significance (at 0.05 level), which indicates that the null hypothesis should be rejected. Hence, temporal instability of the climate-tree growth relationships appears real and important to analyze further.
Results
Chronology characteristics
Figures 4 and 5 show the residual chronologies of TRW and MXD along the altitudinal gradient. The chronologies of LowE site were much longer than those at the other two elevations. TRW chronology curves showed higher interannual variations than MXD. The inter-annual variability of MXD increased with ascending elevation. Table 2 displays descriptive statistics of the chronologies. The mean sensitivity (MS) and standard deviation (STD) values of TRW chronologies were highest at HighE site and lowest at LowE site. The same results emerged for the correlations ''among all radii'' (RAR) and ''between trees'' (RBT) of TRW chronologies, which implies that the annual growth similarities among trees increase along elevation. The inconsistent tendency of the ''within trees'' (RWT) correlation coefficients reflects the complexity of tree growth at all sampling points along the altitudinal gradient. Signal-to-noise ratio (SNR) values were all high and increased with elevation, showing that TRW at higher elevations responds more strongly to environmental parameters. In particular, EPS values exceeding the benchmark 0.85 (especially EPS [0.90) indicates the theoretical population for all chronologies is well represented at each site. The high values of the first principal component (PC1) suggest that the chronologies could explain a great amount of the variance of TRW. All statistical variable values increased with elevation for MXD chronologies, which implies that MXD responds significantly to environmental factors at all elevations, especially at higher elevations.
Climate-tree-ring growth relationships
Tree-ring growth responses to climate parameters varied with the elevation of sampling sites. Significant negative correlations were found between TRW and monthly temperatures in February as well as MAXT in previous September at LowE site (Fig. 6) . At MidE site, TRW responded negatively to monthly temperatures in previous winter while positively to MT and MAXT in current May. TRW was significantly negatively related to monthly temperatures in current March, April and spring at HighE site. Significant positive correlation was also found between TRW and MAXT in current June at HighE site.
TRW was seen positively associated with MP in previous September, current April, summer and the growing season at LowE site. TRW corresponded negatively to MP in previous December and current September at MidE site. And at HighE site, TRW was negatively corresponded to MP in current June while positively correlated to MP in current August. Partial correlation analysis indicates that the effect of MP in prior September on TRW is very weak when MAXT in prior September was controlled at LowE site. The same results were found for the effects of prior December precipitation and June precipitation on TRW at MidE and HighE sites, respectively. The relationships between MXD and monthly variables are displayed in Fig. 7 . At MidE site, MXD was positively associated with temperatures in April, MT and MAXT in summer even the entire growing season, and MAXT in August and September. MXD was also positively correlated with MT and MAXT in summer at HighE site.
While MXD was negatively correlated with January precipitation at LowE site, it was negatively correlated with precipitation in June and the growing season at both MidE and HighE sites. Partial correlation analysis suggests that MAXT affected MXD more significantly than MP during summer at higher elevation sites.
The temporal instability of the climate-tree-ring growth relationships was investigated by examining the correlations between the residual chronologies and monthly mean temperature (MT) during the two consecutive spans (phase I, 1959 -1988 phase II, 1989 phase II, -2008 (Fig. 8) . Obvious instability was present in the relationships between treering parameters and MT from phase I to phase II. During phase I, TRW was mainly negatively associated with MT in February at both LowE and MidE sites, and MT in April and spring at HighE site. By contrast, TRW was only negatively correlated with MT in June at LowE site during phase II. Significantly positive correlations were found 
Discussion Chronology evaluation
Our results suggest that tree-ring analysis provides a very useful method for exploring the relationships between climate change and tree-ring width growth, which is in line with previous studies of different tree species conducted in the Changbai Mountains area (Shao and Wu 1997; Chen et al. 2011; Sun 2011; Yu et al. 2013) . Statistical analysis showed quite high quality for the residual chronologies ( Table 2 ). The increases in RAR, RBT, EPS and PC1 values with elevation indicate that response to climate is stronger at higher elevations for TRW and MXD. The different RWT values of TRW chronologies imply that tree-ring width of current year is related differently to climate in previous years. In our study, MS and STD values of TRW chronologies were rather high compared with other species, which is consistent with previous studies involving Changbai larch (Chen et al. 2011; Li et al. 2011) . MS values varied with elevation, which suggests that tree-ring growth responds differently to climate variables along the altitudinal gradient. The altitudinal variability of climate-tree-ring growth relationships
Tree-ring width is commonly related to climate in both the previous year and current year (Bräuning 1999; Takahashi et al. 2005; Savva et al. 2006) , which was also verified in this study. Generally, TRW was negatively associated with temperatures in the prior winter and the months before the growing season at all elevations (Fig. 6) . The same relationships between tree-ring growth and winter temperatures were also reported in some earlier studies in the Changbai Mountains area (Shao and Wu 1997; Wang et al. 2005; Yu et al. 2013) . In northeastern China, low temperature in winter and early spring was beneficial for the storage of carbohydrate production of trees. Once temperature rose, respiration rates would rise and therefore more photosynthates would be consumed from storage (Pilcher and Gray 1982; Shao and Wu 1997) . In contrast, there were positive correlations between tree growth and temperature in the prior winter reported for other areas or tree species (Pederson et al. 2004; Liang et al. 2010 ). The differences might result from inherent diversity of growth patterns among tree species and specific climatic conditions. TRW was found positively correlated to MT and MAXT in current May and June at MidE and HighE sites. Similar relationships were reported by Yu et al. (2005) for Changbai larch growing at high elevation. In the Changbai Mountains area, May and June already signal late spring and early summer. With rising temperature, enhanced photosynthesis stimulates and accelerates the expansion growth of cambium cells after division, which in turn increases tree-ring width. Although annual rainfall is abundant in the Changbai Mountains area, monthly precipitation still impacts significantly on TRW at three altitudes. Previous studies had reported that tree growth is not limited by water stress in this area (Wang and Tao 1998) . Furthermore, adequate precipitation is a positive factor to tree growth in this area. At LowE site, precipitation during the growing season contributes to TRW because ample rainfall ensures soil moisture for growth. This positive effect was also found for August precipitation on TRW at HighE site. In addition, TRW was negatively associated with an excess of precipitation rather than precipitation shortage. At HighE site, excessive precipitation in current June (the peak of the growing season) would lead to higher air humidity, lower temperature and waterlogging in soil, which would seriously reduce oxygen content, and restrict respiration and transpiration of trees. However, the partial correlation analysis suggests that TRW is still mainly controlled by temperature in current June.
At the end of the growing season, temperature drops significantly and respiration decreases leading to suspension of tree growth. During that span, the photosynthetic production provides photosynthates for the thickening of the secondary xylem rather than the enlargement of latewood cells. This suggests that the negative correlation between tree-ring width and precipitation in September might lose biological significance. This phenomenon was also reported for Dahurian larch (Larix gmelini) in Great Khingan Mountains area in northeast of China .
In contrast to TRW, MXD was positively affected by temperatures while negatively influenced by precipitation (Fig. 7) . MXD was correlated with temperatures during the growing season (especially in summer months) at both MidE and HighE sites. With rising temperature in the growing season, suitable thermal conditions would stimulate the division and enlargement of xylem cells, to be thickened later when photosynthates could be exclusively directed to latewood cells of Changbai larch. Our findings are consistent with the results of Dahurian larch reported by Wang et al. (2005) .
January precipitation negatively impacted on MXD at LowE site. The mechanism whereby January precipitation influences MXD is not clear. In January, snow and rainfall would reduce temperature, which is already very low in winter. Phenological research suggests that winter temperatures would control the starting time of vegetation growth in the following spring (Zhu and Wan 1999) . If start of the growing season is delayed, xylem cells may not have sufficient time to fully thicken during the remaining growing season.
The temporal instability of the climate-tree-ring growth relationships
Rising temperature in late 1980s in northeastern region is in agreement with previous studies related to climate change in China (Ding et al. 2006; Zhao and Luo 2007) . Warming in the area has resulted in the temporal instability of the climate-tree-ring growth relationships for Changbai larch along the altitudinal gradient. First, the response of TRW to warming varied markedly with altitude. At lowelevation areas, tree-ring growth was subject to drought stress caused by increasing temperature in June. Actually, the environment of low elevation areas was complex, especially with human disturbances such as cutting or thinning for timber by foresters. The effects of rising temperature might diminish when the forest density was reduced. The increasing sensitivity of TRW at middle and high elevations to rising temperature was obvious, and in accordance with the positive response to temperature in summer and the entire growing season in the period of 1959-2008. It is the reason that abundant precipitation at higher areas provided relatively moist conditions to ease the probable drought stress caused by increasing temperature. The finding that tree-ring width increased with warming at higher elevations could support the proposed relationship between rising temperature and tree growth in northeastern China observed in previous studies (He et al. 2005; Chen and Yan 2008) . The MXD response to warming in the 1980s varied with elevation. MXD tended to lose sensitivity to increasing temperature at low and high elevations while maintaining a positive relationship with MT at middle elevation. The result indicates that temperature was influential on tree-ring density after the late 1980s at low and high elevations. This situation might be related to tree age structure difference at three elevations. Trees growing at middle elevation were generally younger than those at low and high elevations (Table 2) . Temporal instability in climate-tree-ring growth relationships was also found to affect the reconstruction of past climates (Wilson and Elling 2004) . Our result implies that temporal instability should be accounted for to improve the reliability of reconstruction for past climates.
Conclusions
Both temperature and precipitation significantly affect treering growth of Changbai larch (Larix olgensis Henry) in the Changbai Mountains area, northeast of China. By comparing the impacts of climatic variables on tree-ring width and density along an altitudinal gradient, we find that the treering width and density respond differently to climate change. Our results indicate that temperature is the dominant influence on the width of annual rings for Changbai larch, and precipitation also seems to affect tree-ring growth indirectly by reducing temperature. The effect is complex, i.e., sometimes negative in the previous winter at lower elevations while positive during the growing season at higher elevations. Latewood maximum density of Changbai larch responds positively to temperature along the altitudinal gradient. In contrast, precipitation mainly limits latewood maximum density. The temporal instability of tree-ring growth response to temperature occurred due to abrupt warming in the late 1980s. Tree-ring width responds less severely to drought stress after warming at low elevation while it shows more sensitivity to rising temperature at middle and high elevations. Temperature gradually ceases to influence latewood maximum density after the warming at low and high elevations; while the density responds to rising temperature consistently in the two spans (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) at middle elevation. Our study could improve understanding of tree-ring growth sensitivity corresponding to climate change especially warming along an altitudinal gradient. Therefore, the findings could assist in research on reconstruction of past climates, the variability of tree-ring growth and forest distribution under climate change.
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